Histone deacetylase inhibitors (HDACi) such as panobinostat, which inhibit the zinc containing catalytic domain of HDAC of classes I, II, and IV, demonstrate clinical and preclinical activities against various malignancies, particularly lymphoid malignancies.^[@bib1],\ [@bib2],\ [@bib3]^ Sirtuin-1 (SIRT1) is an NAD^+^-dependent class III HDAC, which deacetylates histones as well as non-histone proteins and is not affected directly by HDACi, such as panobinostat.^[@bib4]^ Several studies have supported SIRT1 as regulator of diverse physiological functions, including metabolic responses to caloric restriction and exercise training, circadian rhythm, DNA repair, cell survival, senescence, death, and differentiation.^[@bib5]^ A potential role for SIRT1 in diabetes, cardiovascular disease, inflammation, neurodegeneration, and cancer has been demonstrated as well.^[@bib5],\ [@bib6]^ It is unclear whether increasing SIRT1 levels/activity has beneficial physiological effects or not and whether SIRT1 has tumor suppressor or oncogenic functions.

Although several of the class I, II, and IV HDAC inhibitors are in phase I--III clinical trials,^[@bib1],\ [@bib2],\ [@bib3]^ currently available SIRT1 inhibitors remain primarily research tools for *in vitro* applications or mouse model studies.^[@bib7]^ Given the range of activity of the currently available HDAC inhibitors, it may be valuable to identify clinically useful SIRT1 inhibitors. Thus, efforts to find either derivatives of known SIRT1 inhibitors or novel SIRT1 inhibitors with higher potency and selectivity are still in progress. However, a couple of SIRT1 activators have been or are underway to be dosed in human trials in type 2 diabetes.^[@bib7]^ It remains controversial whether inhibition of SIRT1 or its activation is more efficacious in anticancer therapy. On the one hand, there is evidence that inhibition of SIRT1 by small interfering ribonucleic acid (siRNA) leads to re-expression of tumor-suppressor genes^[@bib8]^ and SIRT1 small molecule inhibitors induce apoptosis in cancer cells associated with increased levels of acetyl-p53.^[@bib9]^ On the other hand, the SIRT1 activator resveratrol, which is a polyphenolic flavonoid present in red wine with potent antioxidant properties, possesses anti-leukemia, anti-lymphoma, and anti-myeloma effects associated with inhibition of signal transducer and activator of transcription 3 (STAT3) and nuclear factor kappa-B (NF-*κ*B) signaling.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15]^

In the present study, we focused on two novel SIRT1 activators SRT501^[@bib16],\ [@bib17]^ and SRT2183^[@bib18]^ as pharmacological tools to investigate whether they would lead to anti-tumor activity in malignant lymphoid cells cultured *in vitro*. SRT501 is a proprietary formulation of resveratrol with enhanced pharmacokinetic properties and improved oral bioavailability, while SRT2183 is a non-natural product-derived small-molecule SIRT1 activator structurally unrelated to resveratrol. Recent evidence demonstrates that SRT501 and SRT2183 can directly activate SIRT1 through an allosteric mechanism.^[@bib19],\ [@bib20]^ We have previously reported that the anti-tumor activity of the HDAC inhibitor panobinostat in pre-B acute leukemia cells is partly mediated by upregulation of the growth arrest and DNA--damage-response gene, GADD45G, associated with histone hyperacetylation at the promoter level.^[@bib21]^ To our knowledge, there is presently no study that explored the potential mechanism of action of a class I, II, and IV HDAC inhibitor in combination with either a SIRT1 inhibitor or a SIRT1 activator.

Here, a panel of malignant lymphoid cell lines was treated with either the SIRT1 activator SRT501 or the SIRT1 activator SRT2183, as well as in combination with panobinostat, and evaluated for biological and gene expression responses. The rationale behind this study is that while panobinostat exerts its anti-tumor activity partly by leading to re-activation of tumor-suppressor genes associated with acetylation of their promoters,^[@bib21]^ SIRT1 activators may lead to anti-tumor effects via the inhibition of the activity of transcription factors that are substrates of SIRT1 and negative regulators of tumor-suppressor genes. Hence, the combination of a SIRT1 activator with panobinostat may have greater anti-tumor effect. The main purpose of this investigation was to determine whether the combination of a class I, II, and IV HDAC inhibitor with a SIRT1 activator may have potential as a new strategy for therapy of lymphoid malignancies in need of new treatment options.

Results
=======

**SIRT1 activators, SRT501 and SRT2183, inhibit proliferation and induce apoptosis of human malignant lymphoid cells associated with deacetylation of STAT3 and NF-*κ*B p65**. We investigated the effects of treatment with SRT2183 or SRT501 on a panel of human malignant lymphoid cell lines. We first determined the effect of SRT2183 or SRT501 on the proliferation of two pre-B acute lymphoblastic leukemia (ALL) cell lines, Reh and Nalm-6, which were both sensitive to the HDAC inhibitor panobinostat^[@bib21]^ ([Figures 1a and b](#fig1){ref-type="fig"}, respectively). MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2*H*-tetrazolium, inner salt) assays showed that both SIRT1 activators markedly inhibit the growth of Reh and Nalm-6 cells in a time- and dose-dependent manner. The data also indicate that SRT2183 is much more potent than SRT501 in inhibiting proliferation. The IC~50~ (median inhibition concentration) values for SRT2183-mediated inhibition of proliferation at 48 h are approximately 8.7 *μ*ℳ for Reh cells and approximately 3.2 *μ*ℳ for Nalm-6 cells; in the same cell lines the IC~50~ at 48 h for SRT501 are approximately 94 and 20 *μ*ℳ, respectively. The effect of SRT2183 on cell proliferation was determined for a wider variety of malignant lymphoid cell lines. [Figure 1c](#fig1){ref-type="fig"} shows that SRT2183 has broad efficacy, with an IC~50~ at 48 h ranging from 2 to 15 *μ*M. By contrast, no cytotoxic effects were observed in normal cells at those concentrations that induce strong inhibition of cell viability in tumor cells ([Figure 1d](#fig1){ref-type="fig"}).

The apoptotic effect of SRT2183 or SRT501 was determined 48 h post treatment in Reh cells as well as in MOLT-4, which is a T-cell ALL cell line also reported to be sensitive to panobinostat^[@bib21]^ ([Figures 2a and b](#fig2){ref-type="fig"}, respectively). Exposure to either one of the two SIRT1 activators induces apoptosis of both Reh and MOLT-4 cells in a dose-dependent manner. The IC~50~ values in terms of apoptosis are approximately 12 and 8.7 *μ*ℳ for SRT2183 in Reh and MOLT-4 cells, respectively, and 66 and 53.2 *μ*ℳ for SRT501 in the same cell lines, respectively.

STAT3 and NF-*κ*B have been validated as SIRT1 substrates.^[@bib22],\ [@bib23],\ [@bib24],\ [@bib25]^ It is well established that acetylation at Lys-685 is critical for STAT3 phosphorylation, dimerization, nuclear translocation, and transactivation.^[@bib22],\ [@bib26]^ Moreover, acetylation of p65 NF-*κ*B at Lys-310 is required for its full transcriptional activity.^[@bib27]^ Furthermore, SIRT1 activation by the SIRT1 agonist resveratrol has anti-myeloma, anti-lymphoma, and anti-leukemia effects involving STAT3 and NF-*κ*B activity.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15]^ Thus, we wanted to demonstrate whether SRT2183 and SRT501 also had effects in the acetylation status of both STAT3 and NF-*κ*B in the two cell lines that have both these signaling pathways constitutively activated, Reh as well Ly3, an activated B-cell (ABC)-like diffuse large B-cell lymphoma (DLBCL) cell line.^[@bib28]^ The acetylation of both NF-*κ*B and STAT3 is affected in Reh cells ([Figure 3a](#fig3){ref-type="fig"}), by either SIRT1 activator. SIRT1 activators did not affect phosphorylation of NF-*κ*B at Ser536 (data not shown), which stimulates acetylation of Lys310 by increasing the assembly with p300.^[@bib29]^ Flow cytometry analysis demonstrated the repression of both total and phospho-STAT3 (Lys705) levels by SRT501 and SRT2183 in the Reh cell line ([Supplementary Figures S2A and 2B](#sup1){ref-type="supplementary-material"}, respectively). Total STAT3 levels are also diminished due to the autoregulation of the STAT3 promoter. The c-myc gene has been identified as target of STAT3.^[@bib30]^ Moreover, NF-*κ*B and STAT3 are co-dependent and both can regulate the pro-oncogenic transcription factor Myc.^[@bib31]^ We demonstrated that both SIRT1 activators repress c-Myc protein levels in Reh cells in a dose-dependent manner ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}).

SRT501 and SRT2183 induce expression of DNA-damage response genes associated with accumulation of phospho-H2A.X levels
----------------------------------------------------------------------------------------------------------------------

In our previous study,^[@bib21]^ we showed that panobinostat-mediated HDAC inhibition induces upregulation of DNA-damage response and apoptosis-related genes, associated with apoptosis and hyperphosphorylation of H2A histone family, member X (H2A.X), which is associated with DNA-damage response.^[@bib32]^ As among the substrates of SIRT1 there are also transcription factors that function as negative regulators of apoptosis-related genes, we wanted to investigate whether SIRT1 activation induced changes in the expression of a panel of genes involved in DNA-damage response and apoptosis. In [Supplementary Table S1](#sup1){ref-type="supplementary-material"}, data from PCR array experiments performed in Reh cells are shown for those genes in which the fold upregulation is above 1.95, showing that SIRT1 activator SRT2183 upregulates several genes involved in DNA-damage response and apoptosis. GADD45G was observed to be one of the most upregulated genes after SIRT1 activator treatment. Moreover, we demonstrate that SIRT1 activators induce accumulation of phospho-H2A.X in Reh as well as in Ly3 cells ([Figures 3b and c](#fig3){ref-type="fig"}, respectively).

Combination of SRT2183 with HDAC inhibitor panobinostat enhances the anti-proliferative and anti-survival effects mediated by either compound alone
---------------------------------------------------------------------------------------------------------------------------------------------------

Next we wanted to investigate the possible consequences of combining the SIRT1 activators with an HDAC inhibitor selective for class I, II, and IV HDAC. The combination of HDAC inhibitor panobinostat plus SRT2183 induces superior anti-tumor effects in Reh cells than either agent alone ([Figure 4](#fig4){ref-type="fig"}). The percentage of cell proliferation inhibition was 5, 40, and 70% when Reh cells were treated with 10 nM panobinostat, 10 *μ*M SRT2183, or a combination of both, respectively ([Figure 4a](#fig4){ref-type="fig"}). The percentage of total apoptosis induced by 10 nM panobinostat or 10 *μ*M SRT2183 was 30% for both single agents and 50% for the combination of them ([Figure 4b](#fig4){ref-type="fig"}). In Ly3 cells, we observed similar biological responses in terms of inhibition of viability. [Figure 4c](#fig4){ref-type="fig"} shows that Ly3 cells are sensitive to panobinostat and to SRT2183, which inhibits cell viability in a dose-dependent manner. Moreover, the combination of SRT2183 with panobinostat induces greater cell viability inhibition than either compound alone. By contrast, this combination did not affect the viability of human peripheral blood mononuclear cells from a healthy donor ([Figure 4d](#fig4){ref-type="fig"}). Combination index (CI) analysis revealed that this enhanced response with combination treatment represents an additive-to-moderate synergistic response (0.98\<CI\<0.79).

The combination of panobinostat plus SRT2183 also showed greater inhibition of c-Myc protein levels in all the cell lines tested (Reh, NALM-6, and MOLT-4 cells, [Supplementary Figures S3A--3C](#sup1){ref-type="supplementary-material"}, respectively), as well as enhanced phosphorylation of H2A.X ([Figures 5a and b](#fig5){ref-type="fig"} and [Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}), greater acetylation of H4 ([Figures 5a and b](#fig5){ref-type="fig"} and [Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}), and increased acetylation of p53 (acetylation of p53 was not seen with SRT2183 alone) ([Supplementary Figures S3A and 3B](#sup1){ref-type="supplementary-material"}).

GADD45G siRNA transfection confers partial protection from SIRT1 activator alone or in combination with panobinostat
--------------------------------------------------------------------------------------------------------------------

PCR array data demonstrated that GADD45G is one of the most upregulated genes after SIRT1 activator treatment. By quantitative real-time PCR, we confirm that 10 *μ*M SRT2183 upregulates GADD45G expression in Reh cells, we also demonstrate that the combination of panobinostat with SRT2183 leads to significantly higher expression of GADD45A and GADD45G than either agent alone in both Reh and Nalm-6 cells ([Figures 6a and b](#fig6){ref-type="fig"}, respectively). Boosted upregulation of these genes was observed even combining panobinostat with the lowest doses of SRT2183, which did not show gene upregulation when used alone. We then performed quantitative real-time PCR to evaluate the effect of treatment with SIRT1 activators alone or in combination with panobinostat on GADD45G expression in Ly3 cells. [Figure 6c](#fig6){ref-type="fig"} demonstrates that while GADD45G is modestly upregulated in response to panobinostat, SRT501, and resveratrol, the combination of either SIRT1 activator is considerably increased with panobinostat. However, the effect on expression of GADD45G after treatment with SRT2183 in Ly3 cells appears to be much less evident than the effects observed in Reh cells or Nalm-6 cells, suggesting a cell-specific effect under these conditions.

To demonstrate whether the response to SIRT1 activator alone or in combination with panobinostat is mediated by the upregulation of GADD45G, we performed experiments in cells transfected with GADD45G siRNA. [Figure 6d](#fig6){ref-type="fig"} shows that downregulation of GADD45G protects Reh cells from apoptotic effects in response to SRT2183 alone and in combination with panobinostat. These experiments demonstrate that GADD45G is a specific mediator of the response to this combination.

SIRT1 activators-mediated GADD45G upregulation is associated with repression of NF-*κ*B/STAT3 complex binding to its promoter
-----------------------------------------------------------------------------------------------------------------------------

It is established that c-Myc suppresses GADD45 gene expression.^[@bib33],\ [@bib34]^ Moreover, the TNF-*κ*B signaling pathway differentially affects the expression of GADD45 family members, upregulating GADD45B and downregulating GADD45A and GADD45G at least partially through c-Myc expression.^[@bib35]^ Although it has been demonstrated that c-Myc regulates GADD45 directly,^[@bib36],\ [@bib37]^ there is no evidence that NF-*κ*B regulates GADD45 at the promoter level. Furthermore, in our previous report we demonstrated that panobinostat-induced reactivation of GADD45G is associated with GADD45G promoter acetylation of H3 and H4.^[@bib21]^ Considering this evidence, to explain the synergistic upregulation of GADD45G in response to the combined treatment of panobinostat and SRT2183, we hypothesize that NF-*κ*B may be a direct repressor of GADD45G and that the deacetylation of NF-*κ*B mediated by SIRT1 activator may suppress NF-*κ*B function as GADD45G repressor. Therefore, while on the one side the HDAC inhibitor panobinostat functions at the histone level, acetylating and consequently activating the GADD45G promoter, on the other side the SIRT1 activator may function at the transcription factor level, deacetylating and consequently inhibiting the function of the GADD45G repressor. To test our hypothesis, we first performed chromatin immunoprecipitation (ChIP) to determine the effects of SRT2183 on the DNA-binding levels of acetylated NF-*κ*B and STAT3 at the GADD45G promoter in Ly3 and Reh cells. [Figure 7a](#fig7){ref-type="fig"} shows that SRT2183 treatment results in decreased levels of acetylated NF-*κ*B and STAT3 bound to the GADD45G promoter in both the cell lines tested.

To determine whether the binding of NF-*κ*B and STAT3 at the GADD45G promoter is direct or indirect, we first looked for potential NF-*κ*B or STAT3 consensus binding sites in the first 2000 bases upstream the first ATG codon in the GADD45G gene. We found two NF-*κ*B consensus binding sequences, at positions −1447 to −1438 (CBS G1) and −716 to −707 (CBS G3) relative to the translational start site. Based on these sequences, we designed two oligos for electrophoretic mobility shift assays (EMSA), oligo no. G1 and oligo no. G3, respectively, together with an oligo (oligo no. G2) containing a non-perfect NF-*κ*B consensus sequence in the GADD45G gene (position −936 to −927, CBS G2) and a positive control oligo (oligo no. C1), which has been modified from a previously described oligo.^[@bib38]^ Oligo sequences are depicted in the Materials and Methods section. The map of the GADD45G promoter with the primers for ChIP assay and the oligos for EMSA are shown in [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}. We also found nine non-perfect STAT3 consensus binding sequences in the same region at the GADD45G promoter. [Figure 7b](#fig7){ref-type="fig"} shows the results of a competition EMSA performed with both control and Ly3 cell nuclear extracts using the four unlabeled ('cold\') oligos mentioned above plus a cold NF-*κ*B control oligo (oligo no. C2), in combination with NF-*κ*B-32P control oligo no. C2, indicating that oligos nos. G1 and G3 are potentially binding consensus sequences for NF-*κ*B at the GADD45G promoter. Competition EMSA was also performed with the nine cold oligos for potential STAT3 binding plus STAT3-32P control oligo, resulting in no potential binding of STAT3 to any of these oligo sequences (data not shown). EMSA results shown in [Figure 7c](#fig7){ref-type="fig"} not only demonstrate that NF-*κ*B binds to oligos nos.G1 and G3 in Ly3 cell nuclear extracts but also that STAT3 may be in complex with NF-*κ*B at the GADD45G promoter.

We then performed EMSA to evaluate the effect of SIRT1 activators alone or in combination with panobinostat on the binding of NF-*κ*B to the GADD45G promoter. [Figure 7d](#fig7){ref-type="fig"} shows that SRT2183 (lane 5) does not reduce the DNA-binding capacity of NF-*κ*B to the GADD45G promoter, while SRT501 (lane 6), resveratrol (lane 7), and panobinostat (lane 4) all decrease NF-*κ*B-binding levels. Notably, the combination of panobinostat with all the three SIRT1 activators (lane 8--10) results in higher repression of NF-*κ*B binding to the GADD45G promoter. Therefore, we wanted to determine whether the repression of NF-*κ*B/STAT3 complex binding to the GADD45G promoter observed in Ly3 cells under those conditions correlates with the acetylation status of both the transcription factors. [Figure 8a](#fig8){ref-type="fig"} demonstrates that SIRT1 activators induce deacetylation of both NF-*κ*B and STAT3, and decrease the acetyl-lysine levels in Ly3 cells. However, the combination of any of the SIRT1 activators with panobinostat recovers the acetylation level of NF-*κ*B and lysine but still remains at lower level than those of the untreated or panobinostat-treated cells. Similar results were obtained for STAT3.

Discussion
==========

In the present study, we investigated the activity of two SIRT1 activators, SRT501 and SRT2183, in a panel of malignant lymphoid cell lines. Cells were treated with either SRT501 or SRT2183, as well as in combination with panobinostat, and evaluated for biological and gene expression responses. Due to contrasting observations, it is still controversial whether SIRT1 activation or its inhibition has more anti-tumor activity. Our results demonstrate that activation of SIRT1 leads to anti-tumor responses in the cells studied here. Both SRT501 and SRT2183 induced growth arrest and apoptosis, with SRT2183 more potent than SRT501. These biological effects were associated with deacetylation of STAT3 and NF-*κ*B p65 proteins, consistent with previous evidence of the inhibitory effect of resveratrol on both signaling pathways.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15]^ We also observed a reduction of the protein levels of c-Myc, which is a target of both STAT3 and NF-*κ*B,^[@bib31]^ and this correlates with the decreased level of cell proliferation.

PCR array analysis revealed that SRT2183 treatment leads to increased mRNA levels of pro-apoptosis, growth arrest, and DNA-damage-response genes. Interestingly, one of the genes whose expression levels were the most increased is GADD45G, which was the most dramatically upregulated gene in ALL cell lines following panobinostat treatment.^[@bib21]^ It has been shown that in response to oxidative stress or nitric oxide SIRT1 increases transactivation activity of FOXO4 or FOXO1, which consequently induces GADD45A expression.^[@bib39],\ [@bib40]^ Moreover, resveratrol and its analogs induce the expression of p53-responsive genes, such as GADD45A.^[@bib41],\ [@bib42],\ [@bib43]^ Our findings represent the first evidence that associates SIRT1 activation with GADD45G upregulation. Gene expression changes were accompanied by accumulation of phospho-H2A.X levels, which is one of the earliest responses to DNA damage.^[@bib32]^ Combination of SRT2183 with HDAC inhibitor panobinostat enhanced the anti-proliferative and anti-survival effects mediated by either compounds alone. The combination of panobinostat plus SRT2183 also showed greater inhibition of c-Myc protein levels and phosphorylation of H2A.X. Interestingly, this combination also increased acetylation of H4 and of p53. Quantitative real-time PCR confirmed that the combination of panobinostat with SRT2183 leads to significantly higher expression of GADD45G than either agent alone. This upregulation of GADD45G expression was also observed in the combination of panobinostat with either SRT501 or resveratrol.

Importantly, our siRNA experiments demonstrate that the response to SIRT1 activator alone or in combination with panobinostat is mediated by the upregulation of GADD45G. We have previously demonstrated, by siRNA experiments, that GADD45G upregulation mediates the response to panobinostat treatment in pre-B- and T-leukemic cells,^[@bib21]^ and that this upregulation is associated with histone hyperacetylation at the gene promoter level.^[@bib21]^ Here we demonstrate in addition that GADD45G siRNA rescues Reh cells from apoptosis induced by SRT2183 alone or in combination with panobinostat. Although we provide evidence that GADD45G is a specific mediator of the response to this combination, we do not exclude the possibility that other genes also may be involved in the response.

Here we hypothesized that a SIRT1 activator may upregulate GADD45G by inhibiting its potential corepressors at the transcriptional level. ChIP assays revealed that both acetylated NF-*κ*B and STAT3 are bound to the GADD45G promoter and that SRT2183 decreases these levels, suggesting that the DNA-binding capacity of both NF-*κ*B and STAT3 at the promoter of GADD45G is inhibited by the SIRT1 activator. Furthermore, EMSA revealed that NF-*κ*B binds directly to GADD45G promoter, while STAT3 binds indirectly via complexes with NF-*κ*B. EMSA also demonstrated that binding of this NF-*κ*B/STAT3 complex to the GADD45G promoter is inhibited following panobinostat, SRT501, or resveratrol treatment and that the combination of panobinostat with SRT2183, SRT501 or resveratrol induces a greater binding repression than either agent alone.

NF-*κ*B is a negative regulator of GADD45G via c-Myc.^[@bib44]^ This is the first report showing direct binding of NF-*κ*B to the promoter of GADD45G. Although there is evidence suggesting that the expression of OIG37 (murine GADD45g) is regulated by the STAT3 pathway,^[@bib45]^ it is not known yet whether STAT3 directly regulates the expression of human GADD45 gene family members. This is the first study demonstrating that STAT3 binds indirectly to the GADD45G promoter in complexes with NF-*κ*B, which in turn binds directly, suggesting for the first time that STAT3 regulates GADD45G at the transcriptional level as a corepressor with NF-*κ*B of a GADD45 family member.

NF-*κ*B p65 and STAT3 are typically associated with transcriptional activation. However, Lee *et al.*^[@bib46]^ demonstrated that STAT3 can also function as repressor. They demonstrated that acetylated STAT3 function as a transcriptional repressor by inducing hypermethylation of certain gene promoters. There is also evidence of NF-*κ*B p65 functioning as a transcriptional repressor. Liu *et al.*^[@bib47]^ demonstrated that NF-*κ*B p65 can also function as a transcriptional repressor through enhanced methylation of a certain gene promoter. Our data demonstrate a correlation between inhibition of the binding of acetylated NF-*κ*B p65 and STAT3 at the GADD45G promoter in response to treatment with a SIRT1 activator and upregulation of the GADD45G gene. Therefore, we speculate that in this context STAT3 and NF-*κ*B p65 may function as a GADD45G repressor complex at the promoter level, perhaps by inducing chromatin modification. Thus, these data suggest that the upregulation of GADD45G may be due to the inhibition of its repressors by SIRT1 activators.

Taking all these data together, we propose a model explaining the mechanism of action of a SIRT1 activator *versus* a class I, II, and IV HDAC inhibitor either alone or in combination ([Figure 8b](#fig8){ref-type="fig"}). Importantly, GADD45G is frequently inactivated epigenetically in multiple tumors.^[@bib48]^ Previously, we demonstrated that GADD45G silencing is associated to low histone acetylation at the promoter level. Here we demonstrate that in untreated tumor cells, STAT3 and NF-*κ*B are in complexes as corepressors at the GADD45G promoter and both are acetylated in these complexes ([Figure 8bi](#fig8){ref-type="fig"}). When cells are treated with panobinostat, GADD45G is reactivated, associated with hyperacetylation of the histones at the promoter level, as we previously demonstrated. Panobinostat does not induce greater acetylation of the corepressors but instead leads to decreased binding of the corepressors to the GADD45G promoter, suggesting that either the acetylation of the histones at the promoter may destabilize the anchoring of the corepressor complexes or the corepressor complexes may sense the acetylation of the promoter as a reactivation signal for GADD45G ([Figure 8bii](#fig8){ref-type="fig"}). When cells are treated with the SIRT1 activator, GADD45G is reactivated, associated with decreased binding of the corepressors to the GADD45G promoter and correlating with the deacetylation of both STAT3 and NF-*κ*B ([Figure 8biii](#fig8){ref-type="fig"}). By contrast, when cells are treated with the combination of panobinostat with a SIRT1 activator, GADD45G is synergistically reactivated, associated with greater acetylation of H3 and H4. Moreover, panobinostat, in the combination treatment, recovers partially the acetylation status of NF-*κ*B; nevertheless, the combination leads to greater inhibition binding of the corepressors to the GADD45G promoter ([Figure 8biv](#fig8){ref-type="fig"}).

In sum, our observations suggest that it is either the balance of the acetylation of histones and corepressors or the crosstalk between them, that results in the reactivation of GADD45G and the biological outcome. Moreover, the SIRT1 activators SRT501 and SRT2183 show growth inhibitory and pro-apoptotic activity in malignant lymphoid cells alone as well as further enhanced activity in combination with panobinostat. At least one of the mechanisms of action, which explains the combination effect, is mediated through enhanced upregulation of GADD45G as a result of the repressed binding of NF-*κ*B/STAT3 complexes to the GADD45G promoter together with hyperacetylation of this promoter. Given the known broad spectrum activity of these agents, we do not exclude the possibility that mechanisms other than STAT3/NF-*κ*B inhibition and GADD45G reactivation may be involved in the response to SIRT1 activator alone or in combination to panobinostat. Nevertheless, we propose that this is an important component of the growth inhibitory and pro-apoptotic activity of SIRT1 activators. Thus, our study not only associates SIRT1 activation with GADD45G upregulation and demonstrates for the first time STAT3 as a corepressor with NF-*κ*B of GADD45G but also provide *in vitro* proof-of-concept that the combination of class I, II, and IV HDAC inhibitors with SIRT1 activators may be a potential new therapeutic strategy for lymphoid malignancies.

Materials and Methods
=====================

Drugs
-----

SIRT1 activators SRT501 and SRT2183 were provided by Sirtris (Cambridge, MA, USA), SIRT1 activator resveratrol was purchased from Sigma (St. Louis, MO, USA). HDAC inhibitor panobinostat was provided by Novartis (Cambridge, MA, USA). For *in vitro* experiments, all drugs except for resveratrol were dissolved in 100% dimethyl sulfoxide (DMSO) to prepare 8 mM (SRT2183), 40 mM (SRT501), and 5 mM (panobinostat) stocks and stored at −80 °C. Resveratrol was dissolved in absolute ethanol to prepare a 50 mM stock and stored at −20 °C. The final DMSO concentration used in all the treatment conditions was not higher than 0.25%. [Supplementary Figures S1A--C](#sup1){ref-type="supplementary-material"} demonstrates that the results obtained from the treated cells reflect the effects of the SRT compounds and not of DMSO.

Cell lines and cell culture conditions
--------------------------------------

Human Philadelphia chromosome-negative ALL Reh (pre-B cells), NALM-6 (pre-B cells) and MOLT-4 (T cells), Burkitt\'s lymphoma Daudi and Raji, and multiple myeloma U266 cell lines were obtained from American Type Culture Collection (Manassas, VA, USA). Human Hodgkin\'s lymphoma L450, ABC-like DLBCL DHL-8 and mantle cell lymphoma REC-1 cell lines were obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH; Braunschweig, Germany). Human ABC-like DLBCL Ly3, germinal center-like DLBCL DHL-6, and Burkitt\'s lymphoma 2F7 cell lines were a gift from Drs. B. Hilda Ye (Albert Einstein College of Medicine, Bronx, NY, USA), M. Jensen (Seattle Children\'s Research Institute, Seattle, WA, USA) and O. Martinez-Maza (David Geffen School of Medicine, UCLA, USA), respectively. All cells were maintained in RPMI-1640 medium (Iscove\'s Modified Dulbecco\'s medium for Ly3 cells) containing 10% fetal bovine serum and 50 units/ml penicillin and streptomycin at 37 °C in an atmosphere of 5% CO~2~ and passaged twice a week.

Cell viability analysis by MTS assays
-------------------------------------

Cells were seeded in 96-well plates at a density of 10 000 cells/well. After 24, 48, or 72 h, cell viability was determined by assaying with MTS assay (Promega, Madison, WI, USA). The MTS assay was performed according to instructions from the supplier. Absorbance was measured at 490 nm with a Chameleon plate reader (Bioscan, Washington DC, USA).

Apoptosis analysis by flow cytometry
------------------------------------

Untreated and drug-treated cells were stained with Annexin V and propidium iodide (PI) using Annexin V-fluorescein isothiocyanate Apoptosis Detection Kit I (BD Biosciences Pharmingen, San Diego, CA, USA). The percentage of apoptotic cells was determined by flow cytometry. At least 50 000 cells were collected with a CyAn ADP Violet (Beckman Coulter, Miami, FL, USA) cytometer and calculated using the software Summit 4.3 (Beckman Coulter). Percentage of apoptosis in [Figures 2a and b](#fig2){ref-type="fig"} was calculated based on all the Annexin V-positive (early apoptotic) plus the Annexin V/PI-positive (late apoptotic) cells.

PCR arrays and quantitative real-time PCR
-----------------------------------------

Total RNA was isolated and purified from cells by RNeasy Kit (Qiagen, Valencia, CA, USA) and reverse-transcribed using the Omniscript Reverse Transcription Kit (Qiagen). For [Supplementary Table S1](#sup1){ref-type="supplementary-material"}, complementary deoxyribonucleic acids (cDNAs) were analyzed using a PCR array system (SABiosciences, Valeneia, CA, USA) according to the manufacturer\'s protocol. For [Figures 6a](#fig6){ref-type="fig"}, [b](#fig7){ref-type="fig"}, cDNAs were analyzed by quantitative real-time PCR (qRT-PCR) using primers previously described^[@bib21]^ and iQ SYBR Green supermix (Bio-Rad Laboratories, Hercules, CA, USA). PCRs were carried out on a DNA Engine thermal cycler equipped with Chromo4 detector (Bio-Rad).

Protein immunoprecipitation
---------------------------

Cell lysates (250  *μ*g protein) were incubated with NF-*κ*B or STAT3 antibodies (Cell Signaling Technology, Danvers, MA, USA) overnight at 4 °C. To this mixture, washed protein A beads were added and incubated for 1  h at 4 °C. Next, the immunoprecipitates were washed five times with the lysis buffer and proteins were eluted with the sodium dodecyl sulfate (SDS) sample buffer, loaded on SDS polyacrylamide gel electrophoresis (SDS-PAGE) gels and analyzed by western blotting analysis using ac-NF-*κ*B, ac-STAT3, or ac-Lys antibodies (Cell Signaling Technology).

Western blot analysis
---------------------

Cells were washed with ice-cold phosphate-buffered saline containing 0.1 mM sodium orthovanadate and total proteins were isolated using radioimmunoprecipitation lysis buffer lysis buffer, which included protease inhibitors (leupeptin, antipain, and aprotinin), 0.5 mM phenylmethanesulfonyl fluoride and 0.2 mM sodium orthovanadate. Protein amounts were quantified using the Bio-Rad protein assay (Bio-Rad). Equal amounts of proteins were loaded onto a SDS-PAGE gel, transferred onto nitrocellulose membrane, and probed with the indicated antibody: rabbit anti-acetyl-STAT3 (Lys685), rabbit anti-phospho-STAT3 (Tyr705), rabbit anti-acetyl-NF-*κ*B p65 (Lys310), rabbit anti-phospho-NF-*κ*B p65 (Ser536), rabbit anti-phospho-H2A.X (Ser139), rabbit anti-acetyl-H4 (Lys8), rabbit anti-acetyl-p53 (Lys382) (Cell Signaling Technology); mouse anti-c-Myc (Santa Cruz Biotechnology, Santa Cruz, CA, USA); and mouse *β*-actin antibody (Sigma-Aldrich, St. Louis, MO, USA). Membranes were then washed, reprobed with appropriate horseradish peroxidase-conjugated secondary antibodies (Amersham Biosciences, Buckinghamshire, UK), and developed with SuperSignal chemiluminescent substrate (Pierce Biotechnology, Rockford, IL, USA).

ChIP
----

ChIP analysis was conducted as described by EZ-ChIP Chromatin Immunoprecipitation Kit from Upstate Biotechnologies (Temecula, CA, USA). The chromatin was immunoprecipitated with normal rabbit IgG, anti-acetyl-STAT3 (Lys685; Cell Signaling Technology), and anti-acetyl-NF-*κ*B p65 (Lys310; Abcam, Cambridge, MA, USA) antibodies. Ten percent of the supernatant fraction from the sheared cross-linked chromatin lacking primary antibody was saved as the 'input.\' DNAs were purified and used as the real-time PCR templates to amplify the T*GADD45G*T promoter regions from −567 to +6 relative to the translation initiation site. The sequences of the primers were as follows: forward: 5′-TCTGGCTCCAATGCAACAGTCTCA-3′ and reverse: 5′-AGTCATAGTGCGATCAACCAGCAG-3′.

Nuclear extract preparation and EMSA
------------------------------------

To detect DNA-binding activity of NF-*κ*B and STAT3 by EMSA, nuclear protein extracts were prepared using high-salt extraction as previously described.^[@bib49]^ Nuclear proteins (5 *μ*g) from Ly3 cells or lipopolysaccharide-stimulated macrophages (source of activated NF-*κ*B, control nuclear extract) were incubated at 37 °C for 30 min with the following 32P- or non-radioactive ('cold\') double-stranded oligonucleotides:

Oligo G1 (−1447 to −1438): 5′-AGCTTGGATGGGAATTTCCTTTTG-3′

Oligo G2 (−936 to −927): 5′-AGCTGCGGCGGGGTCCTGCCCACC-3′

Oligo G3 (−716 to −707): 5′-AGCTGGGGTGGGATCTTCCAGAGA-3′

Oligo C1 (positive control): 5′-AGCTATTAGGGGATGCCCCTCATG-3′ and

Oligo C2 (positive control): 5′-TCGACAGAGGGGACTTTCCGAG-3′.

NF-*κ*B antibody (mixture of p50 SC-114X, p65 SC-372X, and c-Rel SC-70X antibodies, Santa Cruz Biotechnology) and STAT3 antibody (C20X, Santa Cruz Biotechnology) were used to identify NF-*κ*B and STAT3 in 'super-shift\' assays. For super-shift assays, concentrated antibody (3 *μ*l) was preincubated with nuclear proteins 20 min before the addition of radiolabeled/cold probe and separation by nondenaturing PAGE and autoradiographic detection.

siRNA design and transfection
-----------------------------

The Cy3-labeled GADD45G siRNA was designed and synthesized as previously described.^[@bib21]^ The Cy3-labeled negative control siRNA was obtained from IDT (Coralville, IA, USA). Transient transfections of Reh cells were performed with the Nucleofector Kit L, program L-29 (Amaxa Biosystems, Gaithersburg, MD, USA). Five hundred nanomolar siRNA was used in each transfection with two million cells.

Statistical analysis and software
---------------------------------

The data shown represent mean values of at least three independent experiments and expressed as mean±S.D. Statistical analyses were performed by the Student\'s *t*-test, using the statistical software GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA). Statistical significance was set at a level of *P*\<0.05. The integrated density value values were normalized to those of *β*-actin or total proteins, which were determined by the densitometry software AlphaImager (ProteinSimple, Santa Clara, CA, USA). The IC~50~ values in [Figure 1c](#fig1){ref-type="fig"} and the CI values were calculated by the software Compusyn (ComboSyn, Paramus, NJ, USA); the descriptions of the effect in the combinations are based on the ranges of CI refined from those described by Chou.^[@bib50]^
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![SIRT1 activators inhibit viability of human malignant lymphoid B-cell lines. (**a**) Reh cells and (**b**) Nalm-6 cells were treated with the indicated concentrations of SRT2183 or SRT501 for 24, 48, or 72 h. Following this, the percentage of cell viability was determined by MTS assay. Values represented as graphs are the mean of three independent experiments with S.D. (**c**) Cells were treated with the indicated concentrations of SRT2183 for 48 h. Following this, the percentage of cell viability was determined by MTS assay. (**d**) Peripheral blood mononuclear cells from a healthy donor were treated in culture with the indicated concentrations of SRT2183 or SRT501 for 48 h. The percentage of viable cells was determined by DIMSCAN analysis. Values represent the percentages of cell viability normalized to that of the untreated cells and are the mean of three separate treatments](cddis2013159f1){#fig1}

![SIRT1 activators induce apoptosis of human Ph^−^ ALL cell lines. (**a**) Reh cells and (**b**) MOLT-4 cells were treated with the indicated concentrations of SRT2183 or SRT501 for 48 h. Following this, the percentage of apoptotic cells was determined by flow cytometry using Annexin V/propidium iodide staining. Values represented as bar graphs are the mean of three independent experiments with S.D.](cddis2013159f2){#fig2}

![SIRT1 activators lead to deacetylation of both STAT3 and NF-*κ*B p65 and induce phosphorylation of H2A.X. Cells were treated with the indicated concentrations of SRT2183 or SRT501 for 24 h. Following this, (**a**) immunoprecipitation (IP) and subsequent immunoblotting (IB) were performed on the lysates from Reh cells to analyze acetyl-STAT3 and acetyl-NF-*κ*B levels. The levels of total STAT3 and total NF-*κ*B served as loading controls. Results are representative of three independent experiments. Western blot analysis of phospho-H2A.X protein was performed on the lysates from (**b**) Reh or (**c**) Ly3 cells 24 h post treatment. The levels of *β*-actin protein served as loading controls. Results are representative of three independent experiments](cddis2013159f3){#fig3}

![Combination of SRT2183 with panobinostat induces more apoptosis than either compound alone in Reh cells. (**a**) Reh cells were treated for 48 h with the indicated concentrations of SRT2183, panobinostat, or a combination of these drugs. Following this, the percentage of cell viability was determined by MTS assay. Values represented as graphs are the mean of three independent experiments with S.D. (**b**) Reh cells were treated for 48 h with the indicated concentrations of SRT2183, panobinostat, or a combination of these drugs. Following this, the percentage of late apoptotic cells or total (early plus late) apoptosis was determined by flow cytometry using Annexin V/propidium iodide staining. Values represented as bar graphs are the mean of three independent experiments with the S.D. (**c**) Ly3 cells were treated for 48 h with the indicated concentrations of SRT2183, panobinostat, or a combination of these drugs. Following this, the percentage of cell viability was determined by MTS assay. Values represented as graphs are the mean of three independent experiments with S.D. (**d**) Peripheral blood mononuclear cells from a healthy donor were treated in culture for 48 h with the indicated concentrations of SRT2183, panobinostat, or a combination of these drugs. The percentage of viable cells was determined by DIMSCAN analysis. Values represent the percentages of cell viability normalized to that of the untreated cells and are the mean of three separate treatments. Statistical significance is relative to the single agent treatment inducing higher effect. NS, not significant, \**P\<*0.05, \*\**P*\<0.01, \*\*\**P*\<0.001](cddis2013159f4){#fig4}

![Combination of SRT2183 with panobinostat induces greater phosphorylation of H2A.X and acetylation of H4 in ALL cell lines. (**a**) Reh cells and (**b**) NALM-6 cells were treated for 24 h with the indicated concentrations of SRT2183, panobinostat, or a combination of these drugs. Following this, western blot analysis of phospho-H2A.X and acetyl-H4 proteins was performed on the lysates from those cells. The levels of *β*-actin protein served as loading controls. Results are representative of three independent experiments](cddis2013159f5){#fig5}

![Combination of SRT2183 with panobinostat induces greater upregulation of GADD45G and GADD45A genes than either compound alone in pre-B ALL cell lines. (**a**) Reh cells, (**b**) NALM-6 cells and (**c**) Ly3 cells were treated for 24 h with the indicated concentrations of panobinostat and SIRT1 activators as single agents or in combination with panobinostat. Following this, TaqMan real-time PCR was performed. The mRNA levels were normalized to levels of *β*-actin mRNA. Values represented as bar graphs are the mean of three independent experiments with S.D. Data are expressed as 2\^ddCt. (**d**) Reh cells were transfected with Cy3-labeled GADD45G siRNA or negative control siRNA and treated, 48 h later, with the indicated concentrations of SRT2183, panobinostat ,or a combination of these drugs. At 48 h after treatment, the percentage of apoptotic cells was determined in the gated Cy3-positive cell population, by flow cytometry using Annexin V/DAPI staining. Values represented as bar graphs are the mean of three independent experiments with S.D.](cddis2013159f6){#fig6}

![Effects of SIRT1 activators alone or in combination with panobinostat on the binding of NF-*κ*B and STAT3 to the GADD45G promoter. (**a**) Following treatment with 10 *μ*M SRT2183 for 24 h, ChIP assay was performed on Reh and Ly3 cells. DNAs purified from the sheared cross-linked chromatin immunoprecipitated with anti-acetyl-STAT3 or anti-acetyl-NF-*κ*B antibodies were used as TaqMan real-time PCR templates to amplify the GADD45G promoter region from −567 to +6. Inputs were used to normalize. Values represented as bar graphs are the mean of three independent experiments with S.D. (**b**) Competition EMSA: Effect of unlabeled ('cold\') oligonucleotides G1, G2, and G3 on NF-*κ*B DNA-binding activity. Lanes 1--7: Nuclear extract from lipopolysaccharide LPS-stimulated macrophages. Lanes 8--14: Nuclear extract from Ly3 cells. 'Cold\' oligonucleotides G1--G3 and C1 were added in 100-fold molar excess, C2 was added 1 : 1, as compared with control 32P-labeled NF-*κ*B oligo C2. Lanes 2 and 9 contain NF-*κ*B antibodies (supershift). (**c**) DNA-binding activity (EMSA assay) of NF-*κ*B to 32P-labeled NF-*κ*B consensus sequences G1--G3 (lanes 1--9). Lanes 10--15: Control NF-*κ*B oligonucleotides. Lanes 1--15: Nuclear extract from Ly3 cells. NF-*κ*B and STAT3 antibodies were used in supershifts (lanes 2, 5, 8, 11, 14 and lanes 3, 6, 9, 12, 15, respectively). (**d**) Effect of compound-treated Ly3 cells on NF-*κ*B DNA-binding activity (EMSA assay). Ly3 cells were treated with HDACi, SIRTa or HDACi+SIRTa as indicated. Nuclear extract of untreated (lanes 1--3) and treated cells (lanes 4--10) was isolated 24 h post treatment and incubated with 32P-labeled NF-*κ*B oligonucleotide G1 before EMSA analysis. NF-*κ*B and STAT3 antibodies were used in supershift (lanes 2 and 3, respectively)](cddis2013159f7){#fig7}

![A model to explain the greater upregulation of GADD45G mediated by the combination of a SIRT1 activator with a class I, II, and IV HDAC inhibitor. (**a**) Ly3 cells were treated with the indicated concentrations of panobinostat, and SIRT1 activators as single agents or in combination with panobinostat for 24 h. Following this, immunoprecipitation (IP) and subsequent immunoblotting (IB) were performed on the cell lysates to analyze acetyl-STAT3 and acetyl-NF-*κ*B levels. The levels of total STAT3 and total NF-*κ*B served as loading controls. (**b**) Predicted acetylation status of histones and STAT3/NF-*κ*B complexes at the GADD45G promoter in untreated cells (i) and in cells treated with an HDACi (ii), a SIRT1a (iii), and the combination of an HDACi with a SIRT1a (iv)](cddis2013159f8){#fig8}
